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Introduction
Currently, most of the broaching machines use a hydraulic driving system because the broaching process requires a high cutting force. Although these kinds of conventional broaching machines were widely employed, they have some disadvantages such as: noisy operating, high energy consumption, low productivity, higher cost, and larger space of installation. To reduce these disadvantages of the conventional broaching machine, new type of broaching machine is being developed in which servo motor, ball screw, and rolling element linear motion guide are employed instead of hydraulic cylinder and sliding element linear motion rail (Fig. 1) . Because the broaching process requires a large cutting force and a long stroke, the static and dynamic properties of the machine are important characteristics [1, 2] that should be carefully considered. These mechanical characteristics relate to the deployment of the machine components and their physical properties.
Due to the characteristic of the broaching tool, the working stroke of the broaching machine is very long. As the result, the column of the machine is high. This The main types of workpiece internal surfaces will be machined by the developed broaching machine geometrical characteristic results in a low stiffness of the machine frame. In addition, the large cutting force with alternative cutting stroke and idling returning stroke cause the vibration during the operation of the machine. Therefore, analyzing the mechanical behavior of the machine is an important task [3] when developing this new kind of broaching machine. This paper presents a study on the static and dynamic behavior of a 10 tons electro-mechanical driven broaching machine.
Design of the Mechanical Structure of the Broaching Machine

Design and development process
Base on the identification of the need, we formulated the problem and design requirement. The background research, collection of relevant design information and feasibility study were done before goal statement. The systematic procedure of the development process is detailed depicted in Fig. 2 .
However, initial conceptual design, simulation and mechanical analysis are focused in this paper. Followings are some of the main contents in some important steps.
Frame structure
Based on the conventional 7.5 tons hydraulic broaching machine, we developed a 10 tons electro-mechanical driven broaching machine. This machine is used to machine the internal surface of the main types of workpiece are hubs, inner races, and sleeves for automotive components as shown in Fig. 3 .
The developed broaching machine is a kind of table-lift one. The table that carries the workpiece moves from the bottom to top across the stationary tool during the cutting process.
The advantages of the table-lift broaching machine are as follows:
Ground-level installation of the machine without a pit or pedestal.
High axial accuracy due to stationary shaft puller head and retriever head.
Only the moving machined part (the lifting table) influences the accuracy of the machine.
Short cycle time thanks to the movements of the broaching tool and the workpiece being overlapped
The specifications of the electro-mechanical driven broaching machine are shown in Fig. 4 , and the construction of the machine is depicted in Fig. 5 .
Design and selection of important components
The most important mechanical elements of the broaching machine are the ball screw, linear guide, and RAM body.
These components play a crucial role in the accuracy and the performance of the machine.
Due to the high load of the broaching force, a customized THK ball screw model HBN10025S-7.5RRG2+2460L C5 ( To calculate the maximum normal force acting on the block of the linear guide, we used the equation of moment equilibrium with an assumption R 1 = R 4 = 2R 2 = 2R 3 :
where R 1 , R 2 , R 3 , and R 4 are reaction forces at four linear For a machine tool, the static analysis that calculates the stress and deformation is a crucial task in order to ensure the allowable deformation of the machine tools. Because the mechanical construction of the broaching machine is complex, we use Abaqus 6.7 FEM (finite element method) tool to analyze its strength. This is the best way to verify the mechanical properties of the machine at the early design stage [4, 5] .
Static Analysis
The procedure of static analysis includes following steps as shown in Fig. 10 . To perform the static analysis for the whole machine, we used the force flow loop concept for identifying the action forces and reaction forces (Fig. 11) . The fore caused by cutting process transferred from cutting tool to the workpiece, then to the table, to ball screw, and to the main frame. They form a close loop within the machine. It can be seen that the base frame does not carry the cutting load. Therefore, it is no need to make a strong base frame for the machine, and the material can be saved. This is the advantage of the table-lift broaching machine.
The static analysis is used to calculate both stress and deformation of the machine under the static force condition.
The analysis results show that the maximum stress is very low (7 MPa on RAM body and 18 MPa on the frame) because the construction of the machine must be thick in order to ensure a high stiffness. The deformation of the machine is the important criteria. This deformation partly shows the static accuracy of the machine [6] . We found that the deformation of the broaching machine is varied when the table is at different 
mm displacement
Increase the thickness of these walls 8 mm more Fig. 13 Increase the stiffness at the lower portion of the fame The cutting force progressively increased to a steady -state force when all the teeth were engaged in the work piece.
Approximate cutting force 
Dynamic Analysis
Dynamic analysis includes: find dynamic displacements, time history, and modal analysis [7] . Modal analysis is the study of the dynamic properties of structures under vibrational excitation. Modal and harmonic analyses corresponding natural frequencies of the machine were analyzed by FEM method. This simulation method is certainly more appropriate for the analysis of complex compliant systems, providing a model with an arbitrarily high level of detail [6, 8] .
To reduce the computation time, the model is simplified by removing small holes and small component. After simplifying the 3D model, we mesh the model using tetrahedral elements.
The boundary condition is that the machine is fixed to the ground at six mounting elements.
The modal analysis results are shown in Table 1 In this work, we assume that the load increases linearly from 0 to a defined value (100,000 N or 10 tons) according to a typical cutting force profile of the broaching process [9, 10] (Fig. 14) . Displacements, strains, stresses, and forces in a structure as it dynamic responds are obtained from this kind of analysis. 
Prototype Making
The prototype machines were made based on the design and modification according to the analysis results. Base frame, column, and RAM body were manufactured by the machine developer (Fig. 16 ). Other components such as motor servo, driver, controller hardware, ball screw, linear guide were supplied be professional manufacturers. The prototype components will be assembled and ready for testing in the future works.
Conclusion
This study carried out the static and dynamic behavior of an electro-mechanical driven broaching machine. Through this work, the machine tools builder can assess the new product at the early design state. Compared to conventional broaching machine, new type broaching machine has several advantages:
Higher cutting speed due to low friction in ball screw and linear guide, New driving system requires smaller installing space. All components of the hydraulic system such as cylinder, pump, and tank oil will be removed, Reducing the time for maintenance and replacement of components,
The operating noise is reduced, better environment and greener technology.
We analyzed the deformation of important parts in the machine and assess their effect to the geometrical accuracy of the machine. This work contributes to the development of an advanced broaching machine. Although a lot of attempts were made, this work mainly used simulation method.
Therefore, the physical experiments are required to verify the results after building the prototype machine. The broaching machine will be improved completely after real testing.
